The Drosophila genes eyeless, eyes absent, sine oculis and dachshund cooperate as components of a network to control retinal determination. Vertebrate homologues of these genes have been identi®ed and implicated in the control of cell fate. We present the cloning and characterization of mouse Dach2, a homologue of dachshund. In situ hybridization studies demonstrate Dach2 expression in embryonic nervous tissues, sensory organs and limbs. This pattern is similar to mouse Dach1, suggesting a partially redundant role for these genes during development. In addition, we determine that Dach2 expression in the forebrain of Pax6 mutants and dermamyotome of Pax3 mutants is not detectably altered. Finally, genetic mapping experiments place mouse Dach2 on the X chromosome between Xist and Esx1. The identi®cation of human DACH2 sequences at Xq21 suggests a possible role for this gene in Allan±Herndon syndrome, Miles±Carpenter syndrome, X-linked cleft palate and/or Megalocornea. q
Introduction
The identi®cation of vertebrate genes sharing structural and expression features with Drosophila cell fate determination genes has suggested that some of the basic mechanisms of animal development have been conserved. Evidence of functional conservation has been demonstrated for members of the Pax gene family of transcription factors, eyeless/Pax6. Both Drosophila eyeless and vertebrate Pax6 are required for normal eye development. While eyeless¯ies demonstrate an absence of compound eyes, Small eye mice and human patients with ANIRIDIA also exhibit defects in eye development (Glaser et al., 1992; Grindley et al., 1995; Hill et al., 1991; Quiring et al., 1994; Ton et al., , 1992 . In addition, both genes are key regulators of eye development, since misexpression of eyeless or Pax6 results in the formation of ectopic eyes in insects or vertebrates, respectively (Chow et al., 1999; Halder et al., 1995) . Moreover, expression of Pax6 in Drosophila results in the induction of compound eye development demonstrating that Pax6 can function within an insect cellular context to regulate cell fate (Halder et al., 1995) .
eyeless requires the function of sine oculis, eyes absent and dachshund to control retinal determination Pignoni et al., 1997; Shen and Mardon, 1997) . These four genes have been referred to collectively as the Drosophila retinal determination (RD) genes (Chen et al., 1999) . sine oculis is likely to encode a transcription factor, since the Sine oculis protein possesses a homeodomain motif with DNA-binding activity (Hazbun et al., 1997) . eyes absent and dachshund encode novel nuclear proteins that may act as transcriptional cofactors (Bonini et al., 1993; Mardon et al., 1994) . The RD genes are expressed before photoreceptor differentiation and are required for retinal morphogenesis (Bonini et al., 1993; Cheyette et al., 1994; Mardon et al., 1994; Quiring et al., 1994) . Although not as potent as eyeless, eyes absent or dachshund misexpression also results in ectopic compound eye formation, demonstrating that these genes function at a level similar to eyeless Shen and Mardon, 1997) . Further analysis indicates that the RD gene relationships cannot be completely described in terms of a simple linear pathway. Although Eyeless activates transcription of eyes absent and sine oculis, which in turn appear to activate dachshund, there is evidence of extensive cross-regulation between the RD genes Chen et al., 1997; Halder et al., 1998; Pignoni et al., 1997; Shen and Mardon, 1997) . For example, misexpression of Dachshund induces ectopic eyeless, eyes absent and sine oculis expression (Chen et al., 1997; Shen and Mardon, 1997) . Furthermore, the RD genes can cooperate with one another to induce ectopic retinal tissue. Co-expression of eyes absent and dachshund results in the synergistic induction of ectopic eyes (Chen et al., 1997) . Similarly, eyes absent and sine oculis exhibit synergistic activity (Pignoni et al., 1997) . In addition, removal of any one member of the RD network blocks ectopic eye induction by any combination of the other RD genes. Finally, biochemical studies have suggested a mechanistic explanation for this synergy; Eyes absentDachshund and Eyes absent-Sine oculis protein-protein interactions have been observed in vitro and in the yeast two-hybrid system (Chen et al., 1997; Pignoni et al., 1997) . Together these ®ndings suggest that the RD genes cooperate as components of a network to control cell fate decisions by regulating target gene transcription as protein complexes.
Vertebrate homologues of eyeless (Pax6), eyes absent (Eya1-4), sine oculis (Six1-6) and dachshund (Dach/Dac, referred to as Dach1 in this paper) have been identi®ed, suggesting that homologous components of the Drosophila RD network may control development in vertebrates (Borsani et al., 1999; Bovolenta et al., 1998; Caubit et al., 1999; Davis et al., 1999; Duncan et al., 1997; Esteve and Bovolenta, 1999; Hammond et al., 1998; Kawakami et al., 2000; Kozmik et al., 1999; Oliver et al., 1995a,b; Ozaki et al., 1999; Quiring et al., 1994; Seo et al., 1998a,b; Toy and Sundin, 1999; Toy et al., 1998; Xu et al., 1997; Zimmerman et al., 1997) . Among these, Pax6, Eya1-2, Six3,6 and Dach1 are expressed in the developing vertebrate eye (Bovolenta et al., 1998; Caubit et al., 1999; Davis and Reed, 1996; Davis et al., 1999; Grindley et al., 1995; Hammond et al., 1998; Kozmik et al., 1999; Oliver et al., 1995a; Toy and Sundin, 1999; Toy et al., 1998; Walther and Gruss, 1991; Xu et al., 1997) . Although eye development is not grossly disrupted in Eya1 knockout mice, Eya2 expression in the eye may compensate for Eya1 loss of function (Xu et al., 1999) . The effects of loss of function mutations in Six3 or Dach1 on eye development have not been described. However, there is evidence that some aspects of the RD gene relationships have been conserved in the eye. Eya1-2 expression in the lens placode is dependent upon Pax6 function, which is reminiscent of the regulatory relationship between eyeless and eyes absent (Halder et al., 1998; Xu et al., 1997) . Finally, the protein domains required for protein interactions between Eyes absent, Sine oculis and Dachshund are highly conserved in their vertebrate homologues.
Recent evidence suggests that vertebrate homologues of the Drosophila RD genes may function together to control cell fates in tissues other than the eye. Importantly, misexpression of chick RD homologues synergistically induces myogenesis . Pax3, another member of the Pax gene family, is expressed during muscle development and is required for normal limb and ventral trunk skeletal muscle development (Franz et al., 1993; Goulding et al., 1994; Mansouri et al., 1999; Tremblay et al., 1998; Williams and Ordahl, 1994) . When overexpressed in chick presomitic mesoderm, Pax3 induces the expression of myogenic differentiation factors, MyoD and Myogenin, and the muscle-speci®c differentiation marker Myosin Heavy Chain Maroto et al., 1997) . In addition, Eya2 and Dach2 expression is induced by misexpression of Pax3 in chick . This regulatory activity of Pax3 may account for the observed overlapping expression patterns of Eya2 and Dach2 during myogenesis . Moreover, cross regulation between Dach2 and Pax3, and synergistic activation of myogenesis by Dach2/Eya2 and Six1/Eya2 misexpression were also observed. Together, these data suggest that some of the regulatory and cooperative relationships of Drosophila RD genes may have been conserved in different species and cellular lineages.
To further understand the role of the vertebrate Dach genes during development, we have cloned a mouse homologue of chick Dach2. In this paper, we present the Dach2 coding sequence, embryonic expression pattern, chromosomal location and the Dach2 expression pattern in Pax6 and Pax3 mutant embryos. These data demonstrate that the sequence identity between mouse and chick Dach2 is greater than the identity between mouse Dach2 and mouse Dach1. Expression analysis demonstrates that, similar to Dach1, Dach2 is expressed in the developing nervous system, sensory organs and limbs, perhaps suggesting redundant functional roles for these genes. In addition, we determine that Dach2 expression in the forebrain of Pax6 mutants and dermamyotome of Pax3 mutants is not detectably altered. Finally, we localized mouse Dach2 to a region of the X chromosome syntenic with human chromosome Xq13-q22. A database search reveals the presence of human DACH2 sequences localized to a region to which a number of disease loci have been mapped. Based on the proximity of human DACH2 to disease loci markers, we propose that DACH2 may be a candidate gene mutated in patients with Allan±Herndon syndrome, Miles±Carpenter X-linked Mental Retardation syndrome, X-linked cleft palate and/or Megalocornea.
Results

2.1.
Cloning and sequence analysis of a second mouse homologue of Drosophila dachshund Drosophila dachshund encodes a nuclear protein that is required for normal eye and leg development (Mardon et al., 1994) . We and others have previously characterized the structure and expression of a mouse homologue of dachs-hund (Dach/Dac in Caubit et al., 1999; Davis et al., 1999; Hammond et al., 1998; Kozmik et al., 1999) . We suggest that this gene be renamed as Dach1 and we will refer to it as such in this paper. During the isolation of chick Dach1, Heanue et al. isolated a second dachshund homologue, Dach2, suggesting that there may be multiple members of the dachshund gene family in other vertebrate species . To identify additional mouse Dach genes, we used a chick Dach2 cDNA probe to screen an E15.5 mouse embryo cDNA library and isolated several overlapping cDNA clones. Inserts from these clones were subcloned, sequenced and assembled into a 2.5 kb Dach2 cDNA sequence contig. The longest open reading frame is predicted to encode a 634 amino acid protein (Fig. 1A) . The nucleotides encompassing the ®rst AUG match the Kozak consensus sequence for a start codon and several in-frame stop codons were identi®ed a short distance upstream of the putative start codon (Kozak, 1991 (Fig.  1A) . Speci®cally, mouse Dach2 shares 75% identity and 81% similarity with chick Dach2, while mouse Dach2 shares 51% identity and 62% similarity with mouse Dach1 (data not shown). In addition, while mouse Dach1 and Drosophila dachshund share the presence of a trinucleotide repeat (encoding polyserine in Dach1 and polyglutamine in Dachshund), both chick and mouse Dach2 lack this structural feature (Fig. 1A) Heanue et al., 1999) . Together these ®ndings suggest that chick Dach2 and mouse Dach2 proteins may be encoded by orthologous genes.
Comparison of the Dach1, Dach2 and Dachshund proteins demonstrated the presence of two conserved domains. The ®rst, Dachshund Domain 1 (DD1), is located near the N-terminus and is 107 amino acids in length (Fig.  1B) . The second conserved region, DD2, is located near the C-terminus and is 84 amino acids in length (Fig. 1C) . Mouse Dach2 and Drosophila Dachshund share 74% identity and 82% similarity for DD1 and 52% identity and 67% similarity for DD2. Mouse Dach2 encodes an additional 13 amino acids located at the C-terminus of the DD1 domain, compared to chick Dach2 and mouse Dach1 (Fig. 1A,B ). These additional sequences occur at a location that matches a conserved splice site shared between Drosophila Dachshund and mouse Dach1 Mardon et al., (Kozak, 1991) and is preceded by several stop codons in the same frame (GenBank Accession AF257217). Lower strand. Shown is the predicted amino acid sequence for chick Dach2 . Vertical lines and colons signify amino acid identities and similarities, respectively. Mouse Dach2 shares 75% identity and 81% similarity with chick Dach2, while mouse Dach2 shares 51% identity and 62% similarity with mouse Dach1 (data not shown). Dachshund Domain motifs, DD1 and DD2, are indicated within shaded boxes. (B,C) Sequence alignment of DD1 and DD2 between mouse Dach2, chick Dach2, mouse Dach1 and Drosophila Dachshund. Mouse Dach2 and Drosophila Dachshund share 74% identity and 82% similarity for DD1 and 52% identity and 67% similarity for DD2. Human DACH2 DD1 sequences were derived from BAC clones AL109752, HS287L14 and HS105E7 and demonstrate 100% (120/120) identity with mouse Dach2 DD1 (Human Chromosome X Sequencing Group at the Sanger Centre, ftp://ftp.sanger.ac.uk/pub/). The position of a conserved splice site found at codon position 170 in mouse Dach2 (arrowhead), mouse Dach1 and Drosophila dachshund (Mardon et al., 1994 ) is indicated. At this position, mouse Dach2 encodes 13 additional amino acids that is conserved in human DACH2 but not in chick Dach2 (RRKRQMTRKQAVN; compare to A). Black boxes and gray boxes represent amino acid identities and similarities, respectively. BLOSUM62 matrix log odds scores above 1 were used to determine amino acid similarities (Henikoff and Henikoff, 1993). 1994). The conservation of DD1 and DD2 in vertebrate Dach1, Dach2 and Dachshund suggests that these proteins may function by similar mechanisms. In support of this hypothesis, targeted expression of chick Dach2 is suf®cient to partially rescue eye development in dachshund mutant ies .
Genetic mapping of the mouse Dach2 locus
The location of mouse Dach2 was determined by genetic mapping. Using a Dach2-speci®c probe, a HindIII polymorphism between C57BL/6JEi and Mus spretus (SPRET/ Ei) was identi®ed and used to genotype 94 (C57BL/6JEi £ SPRET/Ei)F1 £ SPRET/Ei backcross progeny ( Fig. 2A) .
Comparison of the Dach2 and chromosome marker genotypes revealed recombination events indicating Dach2 is located on the X chromosome distal to Xist and proximal to Esx1 (Fig. 2B ). While several polymorphic markers map close to Dach2, no recombination was detected between Dach2 and DXMit149 ( Fig. 2C) .
Comparison of human-mouse chromosome syntenic maps suggested that the human DACH2 locus is located between Xq13 and Xq22 (Mouse Genome Database (MGD), URL: http://www.informatics.jax.org/). A search of the Sanger Centre database revealed several sequenced BAC clones (AL109752, HS287L14 and HS105E7) with homology to mouse Dach2 DD1-encoding sequences (see Fig. 1B legend) . The human DACH2-containing BAC clones are members of contigs Xctg340 and Xctg143 that have been mapped by in situ hybridization to Xq13.1±q21.2 and Xq21.1±q21.33, respectively, thereby con®rming the cytological location of human DACH2 predicted by synteny (The Sanger Centre, URL: http://www.sanger.ac.uk/HGP/ ChrX).
Northern analysis of mouse Dach2
We utilized Northern blot analysis of mouse embryo poly(A 1 ) RNA to determine the temporal expression pattern of Dach2. Transcripts of 8.5, 5.8 and 3.0 kb were detected in embryonic (E) day 10.5±E14.5 embryos (Fig. 3 ). These were also observed during later stages of development but at progressively lower levels (E15.5±E18.5 and in newborn mice, data not shown). These transcripts were detected under high-stringency hybridization and wash conditions suggesting that they are transcribed from a single locus (see Section 4). In addition, the relative abundance of the different transcripts do not change during the second half of embryogenesis.
Comparison of the molecular weights of the transcripts detected by Northern blot analysis to the size of the Dach2 cDNA clone inserts suggested the presence of uncloned Dach2 sequences. By comparing genomic and cDNA clone sequences, we determined that 170 bp of 5 H untranslated region and the ®rst 169 amino acids of Dach2 coding sequence, including 97 amino acids of DD1, are contained within a single exon (Fig. 1B and data not shown). To H sequences are transcribed, we screened an E11.5 cDNA library using a reverse primer within DD1 and forward primers from the lambda cloning vector and isolated sequences representing two independent clones with 5 H termini within 10 bp of previously isolated clones. To determine if alternative splicing within the coding region could account for the larger transcripts, we performed long-reverse-transcriptase PCR analysis of mouse embryo RNA using primers from the ®rst coding exon and primers immediately downstream of the stop codon. No amplicons larger than the known distance between the primers were detected and sequence analysis of the products demonstrated that no new coding sequences were in the ampli®ed products (data not shown). These results suggest that the size variation between the transcripts is due to differences in the length of the Dach2 3 H untranslated region. Since all three transcript sizes are predicted to contain the same open reading frame, no regional differences in the coding potential of Dach2 have been detected.
Expression of Dach2 in the developing nervous system, sense organs and limbs
The conserved structural features shared by the vertebrate and¯y Dach/dachshund genes raised the possibility that these genes might play similar roles in the two species and that the expression pro®les of these genes could be analogous. Previously, we and others showed that mouse Dach1 is expressed in embryonic brain, nervous system, sensory organs and the limbs, which is similar to Drosophila dachshund expression in the nervous system, and eye, leg and wing imaginal discs (Caubit et al., 1999; Davis et al., 1999; Hammond et al., 1998; Kozmik et al., 1999; Mardon et al., 1994) .
We analyzed the embryonic spatial/temporal expression pattern of Dach2 by whole-mount in situ hybridization analysis. From E8.5 to E14.5, Dach2 transcripts were detected in nervous tissue. In the brain, Dach2 was detected at E8.5 within the prospective hindbrain, but not within the developing forebrain or midbrain (Fig. 4A , white arrowhead and data not shown). At E9.5, Dach2 expression within the ventral prosencephalon is observed, while hindbrain expression continues (Fig. 4B, yellow arrowhead) . Analysis of E9.5 head sections con®rmed the presence of Dach2 transcripts within the forebrain and hindbrain (Fig. 5A) . Expression within the forebrain neuroectoderm¯anked the optic vesicle with rostral and caudal restrictions. In addition, dorsal and ventral expression domains were observed within the hindbrain. In E10.5±E12.5 embryos, Dach2 transcripts were detected in the dorsal mesencephalon, in addition to the telencephalon and hindbrain (Fig. 4C±F) . At E14.5, Dach2 transcripts were visible in the olfactory bulbs (Fig.  4G, black arrowhead) . In the neural tube, Dach2 was detected from E9.5 to E12.5. Dach2 transcripts were detected in the dorsal neural tube with the highest expression near the hindbrain (Fig. 4B±E) . Analysis of horizontal sections of E9.5 and E10.5 embryos demonstrated that Dach2 message is detected in cells located in the dorsal and ventral neural tube and dorsal root ganglia (Fig. 5B,D) .
Dach2 transcripts were detected during the development of the optic and the auditory systems. At E10.5, a small ring of ocular staining was observed suggesting expression in the lens pit (Fig. 4C, yellow arrowhead) . Horizontal sections through the E10.5 embryo head demonstrate Dach2 expression in the developing lens epithelium and in the mesenchyme surrounding the retina (Fig. 5E) . However, expression in the lens placode ectoderm was not detected, suggesting Fig. 3 . Northern blot analysis of mouse embryo RNA. Poly(A 1 ) RNA samples were isolated from ICR embryos, electrophoresed in a denaturing gel, blotted and hybridized with a mouse Dach2 cDNA probe. Ages of ICR embryos in embryonic (E) days are shown at the top. These Dach2 transcripts were also detected (at lower levels) in E15.5, E16.5, E18.5 ICR embryos and newborn ICR mice (data not shown). These transcripts were detected under high-stringency hybridization and wash conditions suggesting that these transcripts are transcribed from a single locus (see Section 4). Molecular weights of the transcripts in kb are shown to the right.
that Dach2 is activated after lens vesicle formation (Fig.  5C ). Low levels of Dach2 expression could also be detected in the peripheral neuroretina of E10.5 (Fig. 5E ) and E12.5 embryos (Fig. 4E,F, yellow arrowheads) . Dach2 transcripts were also detected in the otic pit of E9.5 embryos (Fig. 4B ) and in the otic endolymphatic duct of E10.5, E11.5 and E12.5 embryos (Fig. 4C , white arrowhead in D and E).
From E10.5 to E14.5, Dach2 expression was detected in the developing fore and hind limbs. At E10.5 and E11.5, Dach2 expression was observed in the anterior and posterior margins and presumptive hand plate of the limb bud (Fig.  4C,D) . Horizontal sections of E9.5 and E10.5 embryos demonstrate Dach2 expression in the limb (Figs. 5F and  6E ). In E12.5 embryos, Dach2 is detected in the hand plate with strong expression at the margins of the limb plate (Fig. 4E) . In E14.5 embryos, Dach2 transcripts are detected in the hand plate and lateral edges of the digits (Fig. 4G,H) . Together these ®ndings demonstrate that mouse Dach1/2 are expressed in the embryonic brain, nervous system, sensory organs and the limbs and that this expression pro®le is analogous to Drosophila dachshund expression Mardon et al., 1994) . Dach2 expression in the telencephalic vesicles, mesencephalon, hindbrain, dorsal neural tube, otic endolymphatic duct (white arrowhead) and limb bud margins. Dach2 is also expressed in the interlimb region, dorsal root and cranial ganglion, mesenchyme the surrounding eye, branchial arches and cranial sinus (green arrowhead). (E) Lateral view of an E12.5 day embryo. Dach2 expression is similar to that in E11.5 embryos. In addition, Dach2 expression is more pronounced the retina (yellow arrowhead) and expression in the limb has become more uniform and higher in the distal edges of limb plate. (F) Frontal view of an E12.5 day embryo. Striped Dach2 expression in the telencephalic vesicles and expression in the eye is shown (yellow arrowhead). (G) Frontal view of an E14.5 day embryo. Dach2 expression in the olfactory bulb (black arrowhead), vibrissae, hand plate and lateral edges of digits, mammary gland primordia (white arrowhead) and genital eminence is shown. (H) Dorsal view of an E14.5 day embryo forelimb. Dach2 is expressed in the hand plate and lateral edges of the digits. 
Dach2 expression in the developing trunk mesoderm, head and mammary gland precursors
At E8.5, Dach2 expression was not detected in the developing somites (Fig. 4A) . In contrast, from E9.5 to 12.5, expression of Dach2 can be detected in a repeated pattern located lateral to the neural tube and in the interlimb bud region suggesting expression in somite derivatives (Fig.  4B±E) . Sections of E9.5 trunks at the forelimb level revealed staining within the dermamyotome (Fig. 6E) . In sections anterior to the forelimb, Dach2 transcripts in the dermamytome were not as readily detectable (Figs. 5B and  6C ). In addition, Dach2 expressing cells are also located along the lateral portion of the trunk and within a dorsal domain within the limb bud (Figs. 5B and 6C,E) . Sections of E10.5 trunks demonstrated expression in lateral and limb mesoderm (Fig. 5D,F) .
From E9.5 to E10.5, Dach2 can be detected in head mesenchyme and the branchial arches (Figs. 4B,C and 5A,C,E). Analysis of sections of E9.5 and E10.5 embryos demonstrated Dach2 expression in the head mesoderm associated with the developing eye (Fig. 5A,E) . In E10.5 wholemounts, this pattern appears as a ring of expression surrounding the eye (Fig. 4C, red arrowhead) . At E11.5, expression is still detectable in the branchial arches with strong expression at the cranial sinus (Fig. 4D) . At E14.5, on the abdomen and associated with each limb, Dach2 is expressed in the mammary gland primordia (Fig. 4G , white arrowhead). In addition, Dach2 transcripts are detectable in the nasal openings and vibrissae (Fig. 4G,H ).
Dach2 gene expression in Pax gene mutant backgrounds
There is accumulating evidence suggesting that some functions of homologous genes have been conserved during evolution. Mutations in the eyeless/Pax6 genes are associated with an absence of eye development in Drosophila, the Small eye phenotype in mice and the condition ANIR-IDIA in humans, suggesting a conserved functional role for these genes (Glaser et al., 1992; Grindley et al., 1995; Hill et al., 1991; Quiring et al., 1994; Ton et al., , 1992 . Drosophila dachshund is also required for normal eye development and its expression is dependent upon eyeless function (Halder et al., 1998; Mardon et al., 1994) . To test the dependency of Dach2 expression on Pax6 function, we analyzed the expression of Dach2 in Small eye homozygous mutant embryos. Comparison of Dach2 whole-mount hybridization patterns between E9.5 homozygous mutant and wild type control embryos demonstrates that there is no abrogation of Dach2 expression (data not shown). Since Dach2 expression in the E9.5 forebrain and ventral hindbrain overlaps Pax6 expression distal to the optic vesicle ( Fig. 5A ; Grindley et al., 1995) , we compared the Dach2 hybridization pattern in E9.5 sections between control and Small eye homozygous mutant and found no detectable differences (Fig. 6A,B and data not shown) .
Another member of the Pax gene family that may regulate Dach2 expression is Pax3 (Mansouri et al., 1999) . Heanue et al. recently demonstrated that chick muscle precursors co-express Pax3 and Dach2 and that overexpression of Pax3 in presomitic mesoderm induces Dach2 expression, suggesting that Dach2 expression may depend upon Pax3 function . To test this hypothesis, we analyzed the expression of Dach2 in Splotch mouse embryos harboring a mutation in Pax3. Comparison of Dach2 whole-mount hybridization patterns between E9.5 homozygous mutant and control embryos demonstrates that there is no abrogation of Dach2 expression (data not shown). Similarly, analysis of E9.5 sections demonstrates that there are no gross differences in the Dach2 expression pattern in the dorsal neural tube (Fig. 6C,D) or the dermamyotome (Fig. 6E,F ) between control and Splotch mutant embryos. Thus, neither Pax6 nor Pax3 is required for expression of Dach2 in the E9.5 fore/hindbrain or dermamyotome.
Discussion
Mouse and human homologues of Drosophila dachshund, Dach1 (also known as Dach and Dac), were previously identi®ed by several groups (Caubit et al., 1999; Davis et al., 1999; Hammond et al., 1998; Kozmik et al., 1999) . In this paper, we present the structure and expression of a second mouse homologue of Drosophila dachshund, Dach2. In addition, we determine that Dach2 expression in the forebrain of Pax6 mutants and dermamyotome of Pax3 mutants is not detectably altered. By searching the Sanger Centre genome database, we have found BAC clones containing human DACH2 sequences (see Fig. 1B legend) . Together with the recent identi®cation of a pair of Dach genes in the chick genome, these ®ndings demonstrate that Dach genes exist as members of a multigene family in vertebrates . Additional members of the vertebrate Dach family may be discovered in the near future as the mouse and human genome sequencing projects near completion.
Comparison of the predicted vertebrate Dach1/2 and Drosophila Dachshund proteins reveals the presence of two highly conserved motifs, DD1 and DD2. The Dachshund N-terminus, including DD1, activates transcription in the yeast two-hybrid assay and DD2 has been shown to physically interact with Eyes absent, a putative transcriptional regulator of eye development (Chen et al., 1997) . Although dachshund does not encode a recognizable DNA-binding motif, Dachshund is localized to the nucleus and its expression is suf®cient for induction of the entire retinal developmental program, suggesting that it functions as a transcriptional cofactor (Mardon et al., 1994; Shen and Mardon, 1997) . The conservation of DD1 and DD2 suggests that vertebrate Dach1/2 may function in a manner similar to Drosophila Dachshund. Consistent with this hypothesis, chick Dach2 expressed in the dachshund pattern can partially rescue the dachshund eye mutant phenotype .
We have characterized the expression of Dach2 during development by Northern blot and in situ hybridization analyses. Comparison of mouse Dach2 and Dach1 expression reveals similarities in their patterns of transcription. Dach1 and Dach2 are expressed in the brain, neural tube, dorsal root ganglia, branchial arches, sensory organs and limbs, raising the possibility of a redundant functional role for these genes during development (Caubit et al., 1999; Davis et al., 1999; Hammond et al., 1998; Kozmik et al., 1999) .
Although the transcription of Dach1 and Dach2 appear to overlap, there are several differences in their expression patterns. First, while Dach1 appears to be expressed as a single transcript, Dach2 is expressed as multiple transcripts . Second, Dach2 is expressed in the mammary gland primordia, while Dach1 expression has not been detected in this tissue. Finally, even in locations of signi®cant overlap, there are subtle differences in their patterns. While Dach1/2 are expressed in the dorsal neural tube, Dach2 expression is highest at the rostral end of the neural tube, in contrast to the relatively uniform Dach1 expression pattern . Another example is in the telencephalon, where Dach1 is expressed uniformly but Dach2 is expressed in a striped pattern (Fig. 4F) . These ®ndings suggest that the factors controlling Dach1/2 expression are similar but that additional factors differentially modulate the level and tissue-speci®-city of expression of the two genes.
A portion of the Dach1/2 spatial expression pro®le parallels dachshund expression in the Drosophila brain, ventral nerve cord, and imaginal tissues of the eye, antenna and leg Mardon et al., 1994) . One factor known to control dachshund expression in the Drosophila eye primordium is eyeless, an insect homologue of the vertebrate gene Pax6 (Halder et al., 1998 ). Here we demonstrate that in Pax6 mutant embryos, the Dach2 expression pattern in the E9.5 fore/hindbrain is not detectably altered, indicating that other factors are responsible for establishing Dach2 gene expression in these structures. For example, as the Drosophila morphogen Decapentaplegic controls dachshund expression in the eye and leg, members of the TGFb gene family may also regulate vertebrate Dach1/2 expression (Chen et al., 1999; Lecuit and Cohen, 1997) . Alternatively, the analogous expression patterns between insect and vertebrate Dach1/2 genes may be due to convergent evolution.
In contrast to dachshund, which is not detectably expressed in Drosophila embryonic mesoderm, vertebrate Dach genes are expressed in vertebrate mesoderm tissues (Mardon et al., 1994) . Chick Dach2 and mouse Dach1 are expressed in developing myogenic precursors (Caubit et al., 1999; Davis et al., 1999; Heanue et al., 1999) . Similarly, we have detected mouse Dach2 expression in the dermamyotome. As chick Dach2 has recently been shown to play a role in the control of myogenesis, mouse Dach1/2 may function similarly to control skeletal muscle development .
Pax3, another member of the Pax gene family of transcription factors, is required for normal development of limb and ventral trunk skeletal muscle and can induce expression of myogenic differentiation factors when overexpressed in chick presomitic mesoderm (Franz et al., 1993; Goulding et al., 1994; Mansouri et al., 1999; Maroto et al., 1997; Tremblay et al., 1998) . Using a retroviral overexpression system, Heanue et al. have shown that Pax3 induces the expression of Dach2 in chick presomitic mesoderm . Moreover, when co-expressed with Eya2, Dach2 can synergistically induce expression of Pax3 and other myogenic differentiation factors, suggesting a role for Dach2 in the control of myogenesis and conservation of interactions between Eya2 and Dach2 to control cell fate . Pax3 induction of chick Dach2 suggests that Pax3 functions upstream of Dach2 to control its expression. In this paper, we demonstrate that mouse Dach2 expression in the dermamyotome is not abrogated in Pax3 mutant embryos, demonstrating that Pax3 is not the only factor that determines Dach2 expression. The ectoderm overlying the myotome has been shown to play a role in chick Dach2 expression . Members of the Wnt/wingless gene family are expressed in this part of the embryo (Parr et al., 1993) , suggesting a parallel to a known role of wingless in controlling dachshund expression in Drosophila (Lecuit and Cohen, 1997) .
We have determined the location of mouse Dach2 by genetic mapping and human DACH2 by identi®cation of conserved sequences in the Sanger Centre database, respectively. Mouse Dach2 is located in a chromosome X region syntenic with human Xq13-q22, to which a number of human diseases have been mapped (World Wide Web, URL: http://www.informatics.jax.org/). Using the Sanger Centre database, we have identi®ed genomic contigs Xctg340 and Xctg143 that contain human DACH2 sequences (URL: http://www.sanger.ac.uk/HGP/ChrX). Similarly, we have identi®ed contigs that contain Sequence Tag Sites (STSs) which were used to map several disease loci in this region. By comparing the position of the DACH2-and disease-anchored contigs, we have found four disease loci that map close to DACH2. Patients with Allan±Herndon syndrome or Miles±Carpenter X-linked Mental Retardation syndrome, exhibit mental retardation and muscle hypoplasia or wasting (Bialer et al., 1992; Miles and Carpenter, 1991) . The other two disease loci are X-linked cleft palate and Megalocornea (Chen et al., 1989; Forbes et al., 1995) . As mouse Dach2 is expressed in the developing brain and branchial arches, mutations in DACH2 might be associated with one or more of these diseases.
Experimental procedures
Cloning and sequencing cDNA clones
A 555 bp SalI-HindIII cDNA fragment from chick Dach2 (encompassing DD1; amino acids 72±256) was used to isolate mouse Dach2 cDNA clones from a E15 day embryo 5 H Stretch Plus library (Clontech) under low stringency hybridization and washing conditions (608C, 1£ SSC). Inserts from the mouse Dach2 cDNA clones were subcloned into pBluescript KS1 using standard molecular techniques. These subclones were sequenced using the Big Dye Termination Cycle Sequencing Kit (ABI Prism) and assembled into a 2.5 kb contig (GenBank Accession AF257217) using Sequencher DNA Sequence Analysis Software v3.1.1 (Gene Codes Corporation).
Genetic mapping
Genomic DNA from C57BL/6JEi and Mus spretus (SPRET/Ei) was digested with HindIII and subjected to Southern blot analysis. A 1.0 kb Dach2 cDNA probe (170 nucleotides of 5 H UTR to amino acid position 283) detected a restriction fragment length polymorphism between the C57BL/6JEi and SPRET/Ei samples. This Southern blot assay was performed on genomic DNA isolated from the Jackson Laboratory interspeci®c backcross panel (C57BL/ 6JEi £ SPRET/Ei)F1 £ SPRET/Ei (Jackson BSS) (Rowe et al., 1994) . Dach2 genotypes were assigned to these samples, depending upon the speci®c HindIII polymorphism detected. These genotypes were then compared to the Jackson BSS backcross panel to determine the position of Dach2 relative to other loci. This information is available at http://www.jax.org/resources/documents/cmdata.
RNA blot analysis
ICR mouse embryos were dissected, washed brie¯y in cold PBS and homogenized in TRIzol Reagent (Gibco BRL). Total RNA was puri®ed from these lysates according to the manufacturer. Poly(A 1 ) RNA was isolated using oligo-dT cellulose (Gibco BRL) and subjected to RNA blot analysis. Samples (5 mg) were denatured, electrophoresed in a 1% agarose/ 6.25% formaldehyde gel and blotted. The blots were hybridized in 5£ SSC, 0.5%SDS, 5£ Denhardt's reagent at 658C to a 1.0 kb Dach2 cDNA probe (170 nucleotides of 5 H UTR to amino acid position 283), washed in 0.2£ SSC, 0.2%SDS at 658C and exposed to ®lm.
In situ hybridization of mouse embryos
The antisense Dach2 riboprobe was transcribed from an EcoRV-linearized template using a digoxigenin (Dig) RNA Labeling Kit (Boehringer Mannheim) and T7 RNA polymerase. The Dach2 riboprobe construct contains a 1.0 kb Dach2 cDNA fragment (170 nucleotides of 5 H UTR to amino acid position 283) cloned into the EcoRI site of pBluescript KS1. In situ hybridization of whole-mount embryos was performed as described (Riddle et al., 1993) . Dig-labeled tissues were detected using anti-digoxigenin FAbs coupled to alkaline phosphatase and NBT/BCIP development (Boehringer Mannheim). To enhance the Dach2 signal, 10% polyvinyl alcohol (average MW 13 000±23 000; Aldrich Chemical Company, Inc.) was added to the NBT/BCIP development mix. For tissue sections, whole-mount stained embryos were paraformaldehyde-®xed, embedded in O.C.T. (Tissue-Tek) and 14 mM sections were cut and mounted. To enhance the penetration of the riboprobe, 60±90 mg/ml Proteinase K were used during the whole-mount procedure.
Genotype analysis of Splotch and Small eye mice
Genotype analysis of Small eye Neu (Pax6) embryos was performed using a PCR-based method as described (Xu et al., 1997) . Splotch (Pax3) embryos were obtained from pregnant females from heterozygous C57BL/6J-Pax3 Sp mating pairs. Homozygous Splotch (Pax3) embryos were identi®ed at 9.5 d.p.c. by their anterior and posterior spina bi®da phenotypes (Epstein et al., 1991) .
